Proprotein convertase subtilisin/kexin-type 1 (PCSK1) is a prohormone convertase that has an important role in prohormone maturation including the process of prorenin to renin. We studied the association of the PCSK1 single-nucleotide polymorphism (SNP) rs6235 (encoding an S690T substitution) with essential hypertension (EH), obesity and related traits in the Han Chinese population. The rs6235 SNP in the PCSK1 gene was investigated using a case-control study design, with 1034 hypertension cases and 1112 normotensive controls. In this study, the rs6235 SNP was significantly associated with hypertension (OR ¼ 1.26, 95% CI (1.10-1.46), P ¼ 0.001); the odds ratios of GC vs GG and CC vs GG were 1.30 (95% CI (1.06-1.58), P ¼ 0.010) and 1.55 (95% CI (1.12-2.13), P ¼ 0.007), respectively. In the controls, the C-allele was associated with increased systolic (P ¼ 0.010) and diastolic (P ¼ 0.010) blood pressure levels. In all of the EH patients and EH patients without a history of renin-angiotensin-aldosterone (RAA) system-related antagonists, the C-allele was associated with increased plasma renin activity (P ¼ 0.00004 and 0.002, respectively) and aldosterone levels (P ¼ 0.018 and 0.005, respectively). The C-allele was also associated with increased body mass index (BMI) (P ¼ 0.010) in the normotensive controls. In conclusion, the PCSK1 SNP rs6235 was associated with EH and blood pressure in the Han Chinese population, and this association may be mediated by the SNP's effect on RAA levels. rs6235 was also associated with BMI in this population.
INTRODUCTION
Convertase subtilisin/kexin-type 1 (PCSK1, PC1/3) is a member of the proprotein covertase family. PCSK1 has a primary role in the proteolytic conversion of inactive prohormones to mature bioactive hormones, including the cleavage of the large inactive precursor proteins, proopiomelanocortin, proinsulin, proglucagon, proislet amyloid polypeptide and prorenin at specific paired basic residues. 1, 2 These products are involved in a wide range of processes, including energy balance, glucose metabolism and blood pressure (BP) regulation.
PCSK1, which is encoded by the PCSK1 gene, is selectively expressed in neuronal and endocrine tissues and has critical roles in various processes. 3 The PCSK1 gene maps to chromosome 5q15. In humans, loss-of-function mutations in PCSK1 cause monogenic obesity, impaired glucose tolerance and other related disorders. [4] [5] [6] In both genome-wide linkage studies [7] [8] [9] [10] and candidate gene strategy studies, 11 single-nucleotide polymorphisms (SNPs) in the PCSK1 gene were associated with obesity. Most of these studies focused on the SNPs rs6232 and rs6235. [11] [12] [13] It was also reported that these two PCSK1 SNPs were associated with proinsulin conversion. 12 The PCSK1 SNP rs6234, which is in strong linkage disequilibrium with rs6235 and encodes the Q655E-S690T pair of residues in the C terminus of the PCSK1 protein, was also associated with body mass index (BMI) and being overweight in men in a population-based sample of Han Chinese subjects. 14 PCSK1 is also involved in the proteolytic processing of prorenin to renin, this phenomenon has been demonstrated in cells containing secretory granules, such as the somatomammotroph cell line GH4 and Chinese hamster ovary' cells. 15 Renin is important in the reninangiotensin-aldosterone system (RAAS) and may regulate vasoconstriction and BP via angiotensin-dependent and -independent mechanisms, [16] [17] [18] thereby facilitating hypertension, cardiac remodeling and microvascular damage.
Both obesity and hypertension are the common risk factors for cardiovascular diseases. 19 With regard to the association of PCSK1 with obesity and renin maturation, the associations of PCSK1 polymorphisms with essential hypertension (EH) and RAAS need to be further investigated. Because the minor allele frequency of the rs6232 SNP was not sufficiently high to allow a meaningful analysis in the Chinese population, we investigated the rs6235 SNP in the present study. Thus, the aim of this study was to evaluate the association of the previously reported obesity-related polymorphism rs6235 in the PCSK1 gene with hypertension and related traits in the Han Chinese population.
METHODS

Study population
All of the participants were from Han Chinese ancestry and resided in the metropolitan Shanghai region China. In total, 1059 EH patients were recruited from the Hypertension clinic of Zhongshan Hospital, Fudan University, Shanghai, China. All of the EH cases met the 1999 WHO/ISH criteria. 20 A total of 1120 unrelated control participants were selected among individuals who were undergoing a health examination at Zhongshan Hospital. These individuals had normal BP levels (defined as a systolic BP (SBP) o130 mm Hg and a diastolic BP (DBP) o80 mm Hg). None of the controls had a history of taking antihypertensive medication. The control participants also had normal fasting blood glucose levels (o5.6 mmol l À1 ) and no history of taking a hypoglycemic agent. All of the control subjects were over 40 years of age. Obesity was defined as a BMI X28 kg m À2 according to the criteria for Chinese individuals. 21 Written, informed consent was obtained from all of the participants, and the study was approved by the ethics committee of Zhongshan Hospital, Fudan University, China.
Clinical measurements
The phenotypes of the patients and controls were extensively characterized for related anthropometric traits. The anthropometric measures were performed and evaluated by trained medical personnel. Weight (kg) and height (m) were measured when the subjects were wearing only undergarments and no shoes. These measurements were then used to calculate BMI in weight divided by height. 2 Waist circumference was measured with flexible tape at the smallest horizontal circumference between the costal margin and the iliac crest. SBP and DBP were measured by a nurse using a mercury sphygmomanometer that was adapted for arm size following 5-min of rest with the participant lying in the supine position. Two measures of BP were taken at 5-min intervals, and the mean values were used for the analysis. All antihypertensive medications and other related medications were recorded.
Blood samples were obtained after an overnight fast for measuring fasting glucose levels and lipid profiles, including total cholesterol, triglyceride, highdensity lipoprotein cholesterol (HDL-C) in all participants, serum sodium and potassium levels in EH patients with standardized equipment, low-density lipoprotein was calculated by the Friedewald equation. Additionally, in the EH patients, plasma renin activity (PRA), angiotensin II (ANG II) and aldosterone (ALD) levels were measured by radioimmunoassay (North institute of biological technology, Beijing, China). On the morning of admission, the blood samples were obtained and measured after the participant maintained an upright posture for 90 min and sitting for 10 min at 0800 hours to avoid the confounding effects of posture or diurnal variation. All of the immunoassays were performed in duplicate. In the present study, circulating renin levels were measured using the PRA assay, which is one of the most commonly used methods for measuring plasma renin. 22 In the absence of renin inhibitors or other RAAS-related antagonists, activity assays provide information regarding the quantity of enzymatically active renin in the plasma. 22 
Genotyping
We selected the SNP rs6235 in the PCSK1 gene for analysis in the present study. Genotyping was performed by matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy using a MassARRAY platform (MassARRAY Compact Analyzer, Sequenom, San Diego, CA, USA). The call rate was 98.9%, and the concordance rate of the SNPs based on 120 duplicates was 100%.
Statistical analysis
Normally continuous variables are expressed as the mean ± s.d.; the nonnormally distributed variables are expressed as the median and inter quartile range. Comparisons between the groups were performed with Student's t-test and w 2 -test for normally distributed continuous and categorical variables, respectively. Deviation from Hardy-Weinberg equilibrium was assessed using a w 2 -test. We tested the association of the polymorphism with the diseases using logistic regression. Multivariate linear regression was used to test for the association of the polymorphism with quantitative traits. Non-normally distributed values were log transformed before analysis. All of the models were adjusted for age, sex and BMI unless otherwise noted. The analyses were performed using SPSS software for Windows, version 13.0 (SPSS, Chicago, IL, USA). Permutations (10 000 times) were performed for each trait to assess the empirical P-values using PLINK 23 to adjust the multiple comparisons. The statistical power of our sample size was 98% for the case-control study of EH vs the controls (calculated by G* power, version 3.1, Heinrich Heine University, Düsseldorf Germany).
RESULTS
Population characteristics
The characteristics of the participants in this study are presented in Table 1 . Of the 2146 participants, 1034 were EH cases and 1112 were normotensive controls. The EH patients were older and had higher BMI, waist circumference, SBP, DBP, fasting plasma glucose, total cholesterol, triglyceride and low-density lipoprotein cholesterol levels, and lower high-density lipoprotein cholesterol levels, than the controls. The distribution of gender and the smoking status were similar between the cases and controls (Table 1 and Supplementary  Table 1 ).
The SNP rs6235 was selected and genotyped in the present study. The rs6235 SNP satisfied the Hardy-Weinberg equilibrium in the total population (w 2 ¼ 0.003, P ¼ 0.95) and in the normotensive controls (w 2 ¼ 0.447, P ¼ 0.50). Genotyping was successfully carried out for 1023 of 1034 (98.9%) cases and 1100 out of 1112 (98.9%) controls.
Associations of rs6235 with EH and BP After adjusting for age, gender, BMI and smoking status, we observed a significantly higher frequency of the PCSK1 rs6235 C-allele in the hypertensive patients than in the normotensive controls (OR ¼ 1.27, 95% CI (1.10-1.29), P ¼ 0.001). The PCSK1 rs6235 SNP was significantly associated with hypertension in an additive genetic model (CC vs CG vs GG, OR ¼ 1.26, 95% CI (1.10-1.46), P ¼ 0.001). The odds ratios of CG vs GG and CC vs GG were 1.30 (95% CI (1.06-1.58), P ¼ 0.010) and 1.55 (95% CI (1.12-2.13), P ¼ 0.007), respectively ( Table 2) . As fasting glucose levels of the hypertensive patients were higher than the control subjects, we also did the multiple logistic regression analysis after adjusting for age, gender, BMI, smoking status and fasting glucose levels, rs6235 was still significantly associated with hypertension in our population (in an additive genetic model CC vs CG vs GG, OR ¼ 1.29, 95% CI (1.10-1.51), P ¼ 0.002). (Supplementary Table 2 ).
In the controls, the risk C-allele was nominally associated with increased SBP (P ¼ 0.010) and DBP (P ¼ 0.010) levels after adjusting for age, gender and BMI (Table 3) . After correction of multiple comparisons using 10 000 permutations, the associations of rs6235 with SBP and DBP remained significant (with empirical P-values of 0.009 and 0.003, respectively) in normotensive controls.
Associations of rs6235 with RAAS in the EH patients
After adjusting for gender, age, BMI and antihypertension medication, including RAAS-related antagonists (for example, angiotensinconverting enzyme inhibitors, angiotensin II receptor blockers and spironolactone), the risk C-allele was associated with increased PRA (P ¼ 0.00004) and ANG II (P ¼ 0.0003) and ALD levels (P ¼ 0.018) in the EH patients (Table 5 ). After correction of multiple comparisons using 10 000 permutations, these associations of rs6235 with PRA, ANG II and ALD remained significant (with empirical P-values of 0.0002, 0.0004 and 0.021, respectively) in the EH patients. In the RAAS-related antagonist-stratified analysis, the rs6235 C-allele was significantly associated with increased PRA (P ¼ 0.002), ANG II (P ¼ 0.026) and ALD (P ¼ 0.005) levels in the EH patients who were not taking RAAS-related antagonists and was associated with increased PRA (P ¼ 0.036) and ANG II levels (P ¼ 0.028) in the EH patients who were taking RAAS-related antagonists (Table 4) . After correction of multiple comparisons using 10 000 permutations, the associations of rs6235 with PRA, and ALD levels remained significant (with empirical P-values of 0.002, 0.003 and 0.003, respectively) in the EH patients who were not taking RAAS-related antagonists; however, the other associations were no longer significant following this correction ( Table 4 ). The associations of rs6235 with serum sodium and potassium levels were not significant in EH patients (P40.05) (Supplementary Table 3 ).
Associations of rs6235 with obesity and BMI Of the 1112 normotensive controls, 50 were obese (as defined by a BMI X28 kg m À2 ). These obese subjects had a higher waist Table 4 ). The risk C-allele was also nominally associated with increased BMI (P ¼ 0.010) after adjusting for age and gender in the normotensive controls. No significant associations were found between the C-allele and waist circumference (P ¼ 0.058) or fasting glucose levels (P ¼ 0.737) in the controls (Table 3) . After correction of multiple comparisons using 10 000 permutations, the association of rs6235 with BMI remained significant (with an empirical P-value of 0.008) in the controls. The associations of the C-allele with BMI and waist circumstance were not significant in EH patients (P ¼ 0.127 and 0.432, respectively) ( Table 4) .
DISCUSSION
To the best of our knowledge, this is the first study to investigate a possible association between the rs6235 SNP in the PCSK1 gene and a predisposition to hypertension. In this study, we found that the rs6235 SNP was significantly associated with BP, hypertension and the levels of renin, ANG II and ALD. Consistent with previous studies, 11 our study also confirms the effects of rs6235 on BMI and obesity. Our results provide evidence of an association between the common variants of PCSK1 and hypertension in the Han Chinese population. Both genetic and environmental factors are important for the pathogenesis of EH. The combination of small quantitative effects from the variants of many genes with several environmental factors increases the risk of EH. In the southern and northern areas of China, the life styles were totally different, especially for the dietary patterns; these factors significantly affected the prevalence of hypertension in Table 4 Quantitative traits stratified according to rs6235 genotypes in essential hypertension patients Abbreviations: CI, confidence interval; OR, odds ratio. Adjusted for year of birth and gender. *P-value of the comparison of allelic frequencies, the major allele was used as the reference. **P-value from the additive model. a The GG genotype was used as the reference.
PCSK1 rs6235 and hypertension X-m Li et al southern and northern China. 24 In this study, we enrolled the hypertension patients and control subjects from Shanghai, the biggest city of China, where our hospital is located, to avoid the bias and confounding from environmental factors. In 2007, Farooqi et al. 6 reported that the increase in plasma active renin levels upon ambulation after being recumbent overnight was lower in patients with PCSK1 deficiency than in controls, which suggests that the processing of prorenin to renin is associated with PCSK1 function in humans. Prorenin is the prohormone of renin and is primarily synthesized in the renal juxtaglomerular cells. 25 In the secretory granules of juxtaglomerular cells, PCSK1 cleaves the prosegment of prorenin to yield renin. 26 Thus, PCSK1 is closely coupled to renin maturation. Renin is the key hormone of RAAS and controls the first and rate-limiting steps in this pathway, namely, the conversion of angiotensinogen to angiotensin I, and regulates vascular constriction and BP. 27 Renin also activates the (pro)renin receptor, which triggers several mitogen-activated protein kinase signaling pathways. [16] [17] [18] Altogether, through both angiotensin-dependent and -independent roles, renin has an important role in the regulation of BP and in the development of hypertension, atherosclerosis, cardiac remodeling and heart failure. 28 These previous reports suggest that polymorphisms in the PCSK1 gene may be involved in the development of hypertension in humans.
Based on the aforementioned evidence, we further confirmed the association between the rs6235 SNP and RAAS levels in hypertensive patients, especially in the patients not taking RAAS antagonists. These results suggested that rs6235 may affect the function of PCSK1 in renin maturation in hypertensive patients. rs6235 was also associated with ANG II and ALD levels in the present study, higher renin, ANG II and ALD levels in C-allele carriers may contribute to the susceptibility of hypertension. But, we did not find any association of rs6235 with serum sodium and potassium levels in hypertension patients. The C-terminal tail of PCSK1 is associated with the protein's activity, especially in processing prorenin. 15 The nonsynonymous SNP rs6235 encodes an S690T substitution in the C-terminal region of the protein that has been shown to be important for the correct targeting and specificity of PCSK1 and its sorting into secretary granules. 29 However, to date, the precise function of the rs6235 SNP has remained poorly understood. In the limited functional in vitro studies that have been performed to date, the rs6235 SNP did not significantly affect enzymatic activity, 11 but the rs6235 SNP was found to affect glucose-stimulated proinsulin conversion in nondiabetic subjects. 12 Therefore, it is also possible that rs6235 is associated with prorenin conversion, renin maturation and renin levels. Increased renin levels would thereby promote RAAS and influence sodium balance, intravascular volume and BP, all of which may be responsible for the association of the rs6235 SNP in the PCSK1 gene with the susceptibility to develop hypertension.
In recent years, variants of PCSK1, including rs6232 and rs6235, have been found to be associated with obesity in various ethnics. 11, 14, 30 Consistent with this previous study, we found a significant association between the PCSK1 rs6235 SNP and BMI and obesity in our control group, which comprised 1053 normotensive and euglycemic subjects.
Both obesity and hypertension increase cardiovascular disease risk and often coexist in an individual patient. 19 Our study found a possible association between a SNP in the PCSK1 gene that predisposes individuals to develop obesity and hypertension. Moreover, both of the associations of the PCSK1 rs6235 SNP with BP and hypertension were independent of BMI. Our study found that RAAS, but not obesity, may be the important intermediate of the PCSK1 rs6235 SNP for developing hypertension. The association of PCSK1 gene with hypertension and obesity emphasize the need to investigate PCSK1 and its related substrates for identification of specific therapeutic targets for treatment of both hypertension and obesity.
There were some limitations to our study. First, we did not measure the prorenin levels or the renin/prorenin ratio, which would have made the results more accurate with regard to the association of the PCSK1 rs6235 SNP with prorenin conversion. Second, the RAAS values were not measured in the normotensive controls, and the association of the PCSK1 rs6235 SNP with RAAS needs to be replicated in other populations. Third, the present study was a casecontrolled, hospital-based study. A population-based prospective study in the Chinese population (the Changfeng study) was performed, 31 and the findings in the present study will be confirmed in this population. Lastly, only one SNP was tested in the present study; thus, other functional SNPs and tagging SNPs need to be studied.
In the present study, we found that the rs6235 SNP in the PCSK1 gene was associated with both BP and EH, and this may have been mediated by RAAS levels. The associations of rs6235 with BMI and obesity were also confirmed in this study. Further studies are warranted to examine whether common variants in the PCSK1 gene contribute to an increased risk of hypertension and obesity in other populations.
